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OPERATIVELY TUNING IMPLANTS FOR
INCREASED PERFORMANCE

CROSS-REFERENCE TO RELATED
APPLICATIONS

N/A

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to optimizing
implant position during total knee arthroplasty (TKA), and
more particularly to a novel method of preoperatively char-
acterizing an individual patient’s biomechanic function 1n
order to optimize the orientation of components of a knee
prosthesis.

2. Related Art

Software programs which simulate in-vivo functional
activities (e.g., LiteMOD™/KneeSIM, a product of LifeMo-

deler®, Inc. San Clemente, Calif.), have been used for the
purpose ol evaluating the performance of implant designs.
Such programs use a three-dimensional, dynamics-oriented,
physics-based modeling methodology. While these programs
have been used to design implant geometries in the past, the
prior art has not utilized such software to fine-tune the ana-
tomical placement of implants (1.e., standard and custom) so
that they meet and exceed an individual patient’s needs.

Many times 1n total knee arthroplasty (TKA), poor post-
operative patient outcomes are not caused from a poorly-
designed prosthesis. Instead, the problem may often stem
from a well-designed prosthesis being installed 1n a less-than-
optimal biomechanic position relative to the natural anatomy
of the patient 1n an attempt to get the best anatomic fit. In other
words, the probability of revision knee surgery due to pain or
abnormal wear may be high even with a well-designed knee-
prosthesis, 1f said prosthesis 1s misaligned or 1f said prosthesis
1s 1nstalled without considering the biomechanic effects of
prosthetic orientation.

Conventionally, knee prosthetic components are pre-op-
cratively sized and positioned based on static anterior-poste-
rior and/or sagittal X-ray templates in full extension. Range
of motion (ROM) and joint stability 1s assessed with the
patient under anesthesia, and so any pain from overstressing,
or impinging soit tissue that might result from surgery (for
example, pain associated with “stutfing the patella™ or “stuil-
ing the tflexion-extension gap’”) cannot be determined until the
patient recovers and discovers an unwanted or unnatural post-
operative feeling.

The present invention aims to solve the problems encoun-
tered in the past by providing alternative preoperative and
intra-operative “templating” method steps which give signifi-
cant weight to soft tissue balancing and patient biomechanic
function, 1n order to anticipate and optimize dynamic inter-
actions with chosen implanted devices. In doing so, a surgeon
1s armed with more mformation during intra-operative posi-
tioming of the implanted devices and can expect more favor-
able patient outcomes more often. The present invention more
specifically aims to solve the problems encountered by the
prior art by using a means for knee prosthesis templating,
which 1s more dynamic than a static X-ray at full extension.

SUMMARY OF THE INVENTION

The atorementioned needs are satisfied by several aspects
of the present invention.
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According to one aspect of the invention, there 1s provided
a method of preoperatively characterizing an individual
patient’s biomechanic function, 1n order to optimize the ori-
entation of one or more prosthesis components prior to
implantation of said one or more prosthesis components. The
method generally includes the steps of: subjecting a patient to
various activities; recording relative positions of anatomy
during said various activities; measuring force environments
within said patient’s anatomy and aifected area during said
various activities, characterizing the patient’s biomechanic
function from said relative positions and corresponding force
environments; mputting the measured force environments,
relative positions of knee anatomy, and patient’s biomechanic
function characterization into one or more computer simula-
tion models-each computer simulation model corresponding
to at least one of said various activities; inputting a 2D or 3D
computer model of said one or more desired prosthesis com-
ponents (which may be standard prosthesis components or
custom prostheses components) into said one or more com-
puter simulation models; iteratively runming each of said one
or more computer simulation models while changing at least
one 1mput variable between iterations; determining from said
computer simulation models, one or more preferred place-
ments for each of said one or more prosthesis components for
the particular patient; suggesting or recommending said pre-
ferred placements to a surgeon; recerving nput from the
surgeon, who may decide to compromise between good ana-
tomic fit and good biomechanic performance; optionally
altering said one or more optimal placements for each of said
one or more prosthesis components according to surgeon
input; and providing a means for implanting said one or more
prosthesis components 1n said corrected preferred placement.

Where used herein, the term “biomechamic” broadly
encompasses all things relating to kinematics and kinetics of
the body. In physics, kinetics may be described as a branch of
dynamics concerning motions of bodies which are produced
under certain force environments. “Kinetic” where used
herein, suggests one or more forces, loads, strains, moments,
or stresses. Kinematics may be described as is the study of
motion of objects and how the motion affects force environ-
ments. “Kinematic” where used herein, suggests one or more
ranges of motion, translations, movements, angulations, or
rotations.

Also, where used herein, the term “anatomic fit” broadly
encompasses considerations of: 1) resection efliciency (i.e.,
minimizing bone loss for the patient given a particular pros-
thesis geometry), 2) interface fit (1.e., how well the prosthesis
adheres to bone and how robust the prosthesis 1s to cement
interface shear loading given a large range of spatial orienta-
tions and/or bone 1nterface geometries), and 3) bone cover-
age/fit (1.e., how well the prosthesis covers bone without
overhanging or under-hanging which could cause soft-tissue
impingement)

According to another aspect of the present invention, a
surgical method 1s provided. The surgical method comprises
the step of determining a relationship between a first pros-
thetic component and a second prosthetic component based at
least 1n part on mnformation acquired about said first pros-
thetic component and information acquired about the second
prosthetic component.

According to yet another aspect of the present invention, a
surgical method 1s provided. The surgical method comprises
planning either preoperatively, or intra-operatively, the place-
ment of at least a second prosthetic component within a
selected jo1nt, based at least in part on 1) information acquired
about a first prosthetic component and 2) a desired relation-
ship between said first and second prosthetic components.
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According to even another aspect of the present invention,
there 1s provided a surgical system that includes a means for
computer simulation which 1s configured to determine at least
one of a spatial relationship, anatomic relationship, biome-
chanic relationship, geometric relationship, and a size rela-
tionship between a first prosthetic component and a second
prosthetic component based at least 1n part on a first feature of
said first prosthetic component and a second feature of said
second prosthetic component.

According to another aspect of the present invention, there
1s provided a computer programmed with software that vir-
tually or actually evaluates a functional relationship between
a first prosthetic component and a second prosthetic compo-
nent based on at least one mput condition.

According to yet other aspects of the present imvention,
there 1s provided a surgical method which involves the step of
relating a first feature of a first prosthetic component to a
second feature of a second prosthetic component, and modi-
fying one or more relationships therebetween based on a
performance characteristic (1.¢., implant “tuning’™).

The present invention serves to increase functional perfor-
mance (e.g., biomechanic function), increase durability (e.g.,
reduce wear), reduce or eliminate abnormal motion (e.g.,
paradoxical motion), and create a more natural postoperative
feeling (e.g., improved proprioception) for said individual
patient. By measuring, interpreting, and understanding the
preoperative biomechanic characteristics of a patient’s knee
or other joint, computer simulation models can assist a sur-
geon by providing one or more suggested surgical plans along
with expected performance results corresponding to each of
said one or more suggested surgical plans. Such surgical plans
may generally provide suggestions for optimizing implant
s1Z1ng, varus/valgus cut angle, posterior slope cut angle, inter-
nal/external rotational positioning angle, cut depth, anterior/
posterior cut locations, flexion/extension cut angle, and
medial/lateral positioning of a selected prosthesis so as to
optimize ligamentous or other soft tissue releases. The com-
puter simulation models may further assist the surgeon in
selecting one or more proper prosthetic components from any
given number of standard or custom prosthesis designs from
one or more orthopedic manufacturers.

It 1s anticipated that by utilizing the method steps provided
by the present invention, final positioning of a knee prosthesis
within the patient’s joint 1s optimized to reduce quadriceps
misfire and strain, reduce implant loosening and subluxation,
maintain balanced soit-tissue envelopes, reduce implant wear
(by positioning implant components in such a way that mag-
nitudes and directions of frictional forces experienced during,
a patient’s typical biomechanic functions are minimized),
reduce or eliminate abnormal motion, and give the patient a
more natural postoperative feeling.

FIG. 13 1s a Venn diagram (800) illustrating problems
encountered by prior art surgical methods. The diagram (800)
comprises at least three prosthetic performance circles (802,
804, and 806). Performance circle (802) 1s representative of
best anatomic fit for a given prosthesis. Ligament balance
performance circle (804) 1s representative of best intra-opera-
tive ligament balancing that can be achieved without patient
muscle mput and other dynamic input. For mstance, a good
flexion/extension gap and good stability during trial reduc-
tion 1n TKA might place an overall prosthesis performance
value (812) within the ligament balance performance circle
(804).

Performance circles (806, 806', 806", 806"") are represen-
tative of the best expected biomechanic performance during,
various postoperative activities. Biomechanic performance
circles (806, 806', 806", 806'"') may move relative to the other
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4

performance circles (802, 804) or may become larger or
smaller depending on: 1) how robust the prosthesis 1s to
mis-implantaion, 2) how well the prosthesis geometries
address all patients (including outliers) within a patient popu-
lation, and 3) the activity from which performance 1s mea-
sured and based.

Conventionally, a surgeon selects a prosthetic component
type and s1ze that anatomically fits a patient the best, and then
implants the prosthetic component in an orientation for best
bony coverage and anatomic {it (e.g., 1n good mechanical axis
alignment). The overall performance achieved from a pros-
thesis installed 1n such a way may be characterized as having
a marginal or good overall prosthesis performance value
(810). Overall prosthesis performance values (810) achieved
purely based on good anatomical fit (802) are limited
because: 1) flexion/extension gaps may not be optimized and
may lead to unwanted laxity or stifiness throughout portions
of arange of motion, 2) ligaments may not be balanced which
may lead to pain or compensations during movement, and 3)
prosthesis surface geometries are inherently compromised
because they are designed to suit a large patient population
and may isuificiently address the needs of every patient
(e.g., “outliers™).

In total knee arthroplasty, a surgeon has the option of
changing tibial insert thicknesses and/or performing ligamen-
tous releases 1n order to obtain a good overall prosthesis
performance value (812) for both anatomic fit (802) and
intra-operative ligament balance (804). However, since
patients are unconscious during trial reduction, the surgeon
has no good way of knowing what the actual biomechaninc
performance (806) of the artificial knee will be during every-
day active use, when muscles are firing and loads and other
stresses are applied to the implant, bone, and surrounding soft
tissues. Moreover, even though ligament releases can be used
to obtain good intra-operative ligament balance (804 ), there 1s
a possibility that the releases will not yield acceptable or
optimal biomechanic results (806) during physical activities
by the patient after post-operative recovery.

It 1s therefore a goal of the present invention to help a
surgeon determine how to implant one or more prosthetic
components of a prosthesis 1n order to get the best overall
anatomic fit (802), intra-operative ligament balance (804),
and postoperative biomechanic performance (806) simulta-
neously, as indicated by the overall prosthesis performance
value (814). Overall prosthesis performance value (814) 1s
exemplary of a prosthetic configuration which 1s sized and
spatially oriented so that it achieves good anatomic fit (802),
as well aso provides good intra-operative ligament balance
(804) and good postoperative biomechanic function (804)
during dynamic activities routinely performed by the patient.

It1s also a goal of the present invention to enable a surgeon
to make the best possible compromises between anatomic fit
(802), intra-operative ligament balance (804), and postopera-
tive biomechanic function (806) 1n situations when all three
performance characteristics (802, 804, 806) cannot be
achieved simultaneously. For instance, for some prosthetic
implants, computer simulations may indicate that good bio-
mechanic performance (806") will not yield good anatomuc fit
(802). In such instances, the surgeon may have to give up
some biomechanic performance (806" ) for better anatomuic fit
(802), or select a different prosthetic implant which 1s more
robust and/or suitable for the patient.

Further areas of applicability of the present invention waill
become apparent from the detailed description provided here-
inafter. It should be understood that the detailed description
and specific examples, while indicating certain embodiment
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ol the invention, are intended for purposes of 1llustration only
and are not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate the embodi-
ments ol the present invention and together with the written
description serve to explain the principles, characteristics,
and features of the invention. In the drawings:

FIG. 1 1s a flowchart generally describing a method for
determining optimal placement of a knee prosthesis for an
individual patient according to some embodiments of the
present invention;

FIG. 2a. 1s a schematic diagram illustrating a side view of
a normal knee or a good postoperative knee and 1ts kinetic
function at screw-home position and full-extension;

FI1G. 2b. 1s a schematic diagram illustrating a side view of
a deficient postoperative knee and 1ts kinetic function at
screw-home position and full-extension;

FIGS. 3-5 are distal, anterior, and posterior views of a distal
temur, respectively, showing some anatomical landmarks that
may be extracted from conventional bone scans according to
some embodiments:

FI1G. 6 1s a distal view of a distal femur showing measure-
ments taken from the extracted anatomical landmarks shown
in FIGS. 3-5, and which may be used in computer simulation
models according to some embodiments;

FIG. 7 1s a sagittal view of a distal femur showing mea-
surements taken from the extracted anatomical landmarks
shown 1n FIGS. 3-5 and used 1n computer simulation models
according to some embodiments;

FIGS. 8a-8c¢ are frontal views of a femur which 1llustrate
steps for identifying and extracting the anatomical landmarks
shown 1n FIGS. 3-5 according to some embodiments;

FI1G. 84 1s a sagittal view of a femur which illustrates a step
for i1dentifying and extracting the anatomical landmarks
shown 1n FIGS. 3-5 according to some embodiments;

FIG. 8¢ 1s an 1sometric view graphically illustrating how
computer assisted design (CAD) software tools may be used
to automatically 1dentily and extract anatomical landmarks
according to some embodiments;

FIG. 9 illustrates a simple 2D knee model which may serve
as a base model for computer simulation models described
hereinafter according to some embodiments;

FIGS. 10a-c illustrate several different embodiments of
patellar trials incorporating force transducers for intra-opera-
tive feedback and/or model input;

FIGS. 11a-c¢ illustrate several different embodiments of
tibial trays incorporating force transducers for intra-operative
teedback and/or simulation model iput;

FI1G. 12a 1llustrates a tibial trial insert incorporating one or
more force transducers for intra-operative feedback and/or
simulation model mput according to some embodiments of
the present invention.

FIG. 125 illustrates a trial femoral component incorporat-
ing one or more force transducers for intra-operative feed-
back and/or simulation model input according to some
embodiments of the present invention.

FIG. 13 1s a schematic Venn diagram 1llustrating how the
present invention aims to solve problems that currently exist
in the prior art.

FIGS. 14a-c 1illustrate 3D computer simulation models
according to some embodiments of the present invention.

FIGS. 15a-c 1llustrate one method of presenting optimum
predicted kinetic performance or computer simulation results
tor different simulation 1terations.
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FIGS. 15d-f illustrate one method of presenting optimum
predicted kinematic performance or computer simulation

results for different simulation 1terations.

FIG. 16 illustrates a force environment snapshot during
one 1teration of a patient-specific computer model simulation
according to some embodiments. The snapshot shows mag-
nitudes and directions of prosthesis and soft tissue forces for
a particular prosthesis configuration relative to a particular
patient’s anatomy.

(Ll

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

The following description of the preferred embodiments 1s
merely exemplary 1n nature and 1s 1n no way intended to limit
the invention, its application, or uses.

The mvention provides, 1 part, a method for preopera-
tively characterizing an individual patient’s biomechanic
function 1n order to optimize the placement orientation of one
or more knee prosthesis components within an individual
patient’s anatomy.

It 1s preferred that the preoperative characterization be
done 1n a way that 1s efficient and effective, and that the
characterization be based on accurate simulations of the most
routine activities performed by the individual patient. In other
words, for less-active patients, characterization may be per-
formed by measuring biomechanics during simple chair rises,
squatting, and static standing activities (as shown m FIG.
14a). Alternatively, for younger, more active patients, char-
acterization may be done by measuring patient biomechanics
during mock golf swings (as shown 1n FIG. 14b4), jogging,
biking, swimming, or stair-climbing activities. Any means for
measuring may be used and may include without limitation:
gait lab equipment, cameras, fluoroscopy, position markers,
accelerometers, strain gauges, piezoelectric devices, force
sensors, transducers, position sensors, servo devices, com-
puter-assisted-surgery (CAS) devices, infrared devices, force
plates, electromyography (EMG) devices, neuromuscular
measuring devices, and current, voltage, or electrical power
measuring mnstruments.

It should be understood that the usetulness of the present
invention 1s not limited to total knee arthroplasty (TKA)
applications. Rather the methods of the present invention may
serve as well 1n knee hemi-arthroplasty, knee resurfacing,
knee uni-compartmental arthroplasty, knee bi-compartmen-
tal arthroplasty, total hip arthroplasty (THA), hip hemi-ar-
throplasty, hip resurfacing, shoulder arthroplasty, shoulder
hemi-arthroplasty, elbow reconstruction, ankle reconstruc-
tion, and other surgical applications. In such non-TKA cases,
biomechanic function measurements and modeling can be
adjusted to better reflect activities using the affected joint. For
example, 1n shoulder surgery, the biomechanics of a patient
may be measured during and/or modeled for throwing an
object, lifting an object over the head, rotating a steering
wheel, opening a door, or paddling a kayak. In another
example, for hip resurfacing procedures, the biomechanic
function of a patient may be measured during and/or modeled
for bicycle nding, kicking a soccer ball, and/or sitting cross-
legged, along with other activities involving the hip joint. In
yet another example, for elbow reconstruction, the biome-
chanics of a patient may be measured during and/or modeled
for repetitive tennis or golf swings.

FIG. 1 1s a flowchart briefly illustrating several method
steps according to some embodiments of the present inven-
tion. The method (100) begins with subjecting a patient to
various activities (110) ivolving the affected joint. Said
activities may require different levels of muscle mnput, muscle
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control, angles of leg flexion/extension, and angles of inter-
nal/external rotation. The activities may include without limi-
tation: normal erect walk, chair rise, chair sit, stair climb, stair
descend, static stand at full extension, squat, golf swing (as
shown i FIG. 145b), preferred prayer stance, jog, kneel,
power walk, pivot turn, and bike, among others. Ideally, the
activities chosen for biomechanic function characterization
are activities which are most preferred by the patient. For
instance, 1f the patient indicates that he or she spends much
time kneeling for prayer, squatting during gardening, playing,
golf, sitting, or has a job that requires excessive standing or
walking, overall patient satistaction will be largely based on
the biomechanic performance of the implant during the
patient’s routine activities.

Once the appropniate activities which best suit an indi-
vidual patient’s needs are selected, position and force mea-
surements are taken at different leg position intervals
throughout ranges of motion for at least one of said activities
(112, 114). For instance, a patient may be measured and
digitized utilizing any one or more of gait lab equipment,
fluoroscopy equipment, cameras, position markers, lower
extremity motion capture, anthropometrics, radiological
scans (e.g., CT, MRI), accelerometers, strain gauges, elec-
tromyography (EMG), piezoelectric devices, transducers,
force sensors, position sensors, infrared, magnetic fields, sig-
nal triangulation, RFID, biodex balance characterization,
radio waves, computer-assisted-surgery (CAS) devices, 3D
imaging systems, radiostereometric analysis (RSA) devices,
and force plates, 1n order to characterize the biomechanics
within a patient’s knee during said activities. Additionally, at
any time during each of the activities, a patient may indicate
a pain value or make other observations to further character-
1ze him/herself during said activities. Indicating pain level at
different positions during an activity may clarily why certain
functional patterns are exhibited. Pain level during the activi-
ties may be indicated by the patient incrementally on a scale
from one to ten throughout the activity or other pain scales
may be advantageously utilized. Alternatively, pain medica-
tion and/or anti-inflammatories may be administered to the
patient prior to characterization steps (110) and (112) so that
the patient’s movements are not compromised by pain and
swelling experienced during the measured activity.

Once data 1s collected from the patient using the above-
mentioned methods, a patient’s biomechanic function 1s char-
acterized (116). Functional characterization (116) may be
patient-specific, or 1t may be generalized to fall within one or
more predetermined categories of patient functional enve-
lopes (e.g., minor pronation, major pronation, severe valgus,
flat footed, tip-toed, etc). It 1s preferred that characterization
(116) of the patient’s biomechanic function 1s done in as
much or as little detail as 1s necessary to correctly orient one
or more prosthetic components so that the one or more pros-
thetic components yield the best possible performance char-
acteristic 1n any one or more of the categories of long-term or
short-term wear (mm” per million cycles), stress, range of
motion (ROM), kinematics (e.g., tibiofemoral and patel-
lofemoral interactions, maximum anterior-posterior transla-
tion, maximum flexion, maximum internal/external tibial or
femoral rotation, maximum patella flexion, maximum patella
t1lt, maximum patella spin, maximum femoral rollback),
kinetics (e.g., optimizing compressive forces, shear forces,
torque, anterior-posterior forces, medial-lateral forces, and
flexion moments acting on implant components ), biomechan-
ics, implant robustness, fatigue life, fixation strength, shear
loading at cement or ingrowth interface, bony impingement,
soft-tissue 1mpingement, joint laxity, subluxation, subsid-
ence, ligament balancing, ligament force, quadriceps force,
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knee efficiency, patellar femoral impingement, Q-angle, sta-
bility, anatomic fit (e.g., bone fit), implant longevity, and
natural postoperative feeling (e.g., good proprioception).
Once the individual patient’s functional biomechanic pat-
tern or patterns are characterized, one or more values repre-
sentative of patient characteristics may be loaded 1nto one or
more computer simulation models. Computer simulation
models may be generic and modified for each patient, or the
computer simulation models may be created from scratch
(118) specifically from the patient’s functional characteriza-
tion and measurements gathered from the patient 1n method
steps (110), (112), and (114). The computer stmulation mod-
cls may be facilitated by proprietary soitware or commer-
cially available ofi-the-shelf software such as LiteMOD™
KneeSIM or LiteMOD™ BodySIM software, available from
LifeModeler®, Inc. San Clemente, Calif. The computer
simulation models may be separated by activity (1.e., one
model for simulating stair climb, and another model for simu-
lating chair rise), or the simulation models may be combined
and spliced into a single sequential computer simulation
model (e.g., amodel simulating a patient starting with a chair
rise, then transitioning to stair climb, then transitioning to a
squat sequence, then transitioning to a kneeling sequence,
then transitioning to a walking sequence, and then finishing
with a chair sit). The computer simulation models may be
custom-designed from scratch and therefore, entirely made
specific to the individual patient, or the models may be
patient-approximated by imputting patient characteristics and
patient data into existing universal models. Alternatively, the
simulation models may be designed from large databases of
previously characterized patient groups. In one example, a
database may have four different computer simulation mod-
cls for the same walking activity: one for pronated patents,
one for flat-footed patients, one for severe valgus patients, and
one for severe varus patients. An individual patient’s biome-
chanic data 1s inputted into the simulation model that 1s most
representative of the patient. In some embodiments, a simu-
lation model such as the one illustrated 1n F1G. 9 may be used
to create a data array of expected patient results, and then,
using a program such as Minitab® statistical software, said
expected patient results can be compared with a lookup table
that outlines recommended 1implant configurations for corre-
sponding expected patient results. All computer simulation
models described herein may be adjusted to better simulate
the characterized biomechanic function of an individual
patient (120) 1n ways other than what 1s explicitly disclosed.
The method (100) of the present mvention may further
include method step (122). Thas step (122) comprises mput-
ting a desired knee prosthesis product make and model num-
ber 1nto a computer simulation model, said model simulating
the individual patient’s functional patterns or patterns very
similar to those of the patient. The desired knee prosthesis
may include without limitation, any one or more of a uni-
condylar femoral component, a patello-femoral component, a
bi1-compartmental femoral component, multiple unicondylar
femoral components, a bi-compartmental femoral compo-
nent 1n combination with a unicondylar femoral component,
two unicondylar femoral components 1n combination with a
patello-femoral component, a unicondylar tibial insert, a uni-
condylar tibial tray, a total bi-condylar cruciate-sparing tibial
insert, a bi-condylar cruciate-sparing tibial tray, a bi-condylar
cruciate-sacrificing tibial insert, a bi-condylar cruciate-sacri-
ficing tibial tray, a patellar button, a patellar tray, fixed-bear-
ing devices, mobile-bearing devices, total arthroplasty
devices, hemi-arthroplasty devices, and combinations
thereof. The step (122) of inputting the desired knee prosthe-
s1s make and model number can be facilitated by a database of
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CAD files obtained from one or more orthopaedic manufac-
turers or third parties and stored on a server drive or the like.
I1 custom prostheses are used, entire CAD files of the custom
knee prosthesis to be implanted may be uploaded manually
into the computer simulation model. The knee prosthesis
CAD models imported 1nto the computer simulation model
may be two-dimensional (2D) models or three-dimensional
(3D) models. The knee prosthesis models may be imported
into a computer simulation model without speciiying pros-
thetic component sizes, so that the computer simulation
model can suggest an optimum size for each prosthetic com-
ponent 1n addition to one or more optimum orientations cor-
responding to said optimum size.

For instance, a smaller-sized prosthetic component posi-
tioned 1n a first optimal orientation may yield better biome-
chanic performance (806) as compared with a larger-sized
prosthetic component 1 a second optimal orientation. In
other 1nstances, for example, computer simulation modeling
according the present mnvention may indicate that a size large
patello-femoral component implanted 1n a first configuration
with respect to a size small medial unicondylar femoral com-
ponent will yield the same or better performance character-
istics for a given activity than a size small patello-femoral
component implanted 1n a second configuration with respect
to a size small unicondylar femoral component. Performance
differences may be attributed to the tangency and transition
between the patello-femoral component and the unicondylar
temoral component. This information can be relayed to the
surgeon before or during surgery. Using anatomic landmarks
and measurement data (e.g., as shown 1n FIGS. 3-7) gathered
during patient characterization (112, 116), either a computer
simulation model or a CAS system can help the surgeon
determine which relationships would yield the best anatomic
{1t with no substantial decrease 1n biomechanic performance.

The computer simulation models of the present invention
generally simulate patient-specific biomechanic patterns for
one or more various activities and may be iteratively run for a
finite number of modeling 1terations (124 ). During each mod-
cling 1teration (124), one or more 1nput variables are incre-
mentally changed or added according to the patient’s func-
tional characterization and functional envelope. Certain input
variables may be given more weight and importance depend-
ing on the individual patient’s needs and expectations. Input
variables that are changed or added within the computer
simulation models during each modeling iteration may
include, for instance, the make and model of the desired
implant, the size of each component of the desired implant,
the anterior-posterior (A-P) positioning of each component of
the desired implant, the medial-lateral (M-L) positioning of
cach component of the desired implant, the superior-inferior
(S-1) positioning of each component of the desired implant,
the internal-external rotation positioning of each component
of the desired implant, the varus-valgus (i.e., abduction-ad-
duction) positioming of each component of the desired
implant, and the tlexion-extension positioming of each com-
ponent of the desired implant. It 1s to be understood that one
of ordinary skill 1n the art would appreciate that many other
input variables could be added or changed 1n the computer
simulation models.

After the computer model simulations are completed, the
soltware program, or a program separate from the software
program compiles the expected biomechanic results for dif-
ferent implant configurations. Results may come 1n the form
of tables of raw data corresponding to magnitudes and direc-
tions of force vectors, loads, shear stresses, and moments
experienced by one or more of the implant components dur-
ing each simulation 1teration. Raw data may be stored in a
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database for subsequent implant design studies or to help
create the characterization chart or lookup table mentioned
later 1n this disclosure. Alternatively, raw data may be pro-
cessed for clearer user analysis and interpretation by the
surgeon. The data may even be distributed to the patient as a
means ol documenting and communicating the expected
overall prosthesis performance of their artificial knee after 1t
1s implanted 1n them. The results are compiled and processed
in order to determine the optimum positiomng and sizing
information for each knee prosthesis component (126), rela-
tive to the patient’s anatomy. For instance, the computer
simulation models described may export the raw data from
iterative computer simulations into a data program preferably
configured for statistical analysis (e.g., Microsoit™ Excel™
or MATLAB® by The MathWorks™ Inc.). Then, the data
program itself or another program linked thereto compiles the
raw data and determines one or more optimal values for each
input variable used in the iterative computer simulations
(128). Knowing the optimal values for each input variable of
the stmulations (128) will help a surgeon formulate a surgical
plan specific to the measured patient. The surgical plan might
include suggestions for strategically orientating bony cuts,
holes, and ligamentous releases so as to provide optimum
stresses and forces on the implant and surrounding soit tis-
sues. Surgical recommendations and/or the expected biome-
chanic results may be presented to a surgeon or engineer by
means of charts (as shown in FIGS. 15a-f), graphs, spread-
sheets, or tables. Such means 1s generated by the data program
or the simulation software 1tself. For instance, after iterative
modeling, computer simulation software may indicate: 1) the
best prosthesis component sizes to use, 2) the best anterior-
posterior (A-P) slope angles to use for each prosthesis com-
ponent, 3) the best medial-lateral (M-L) orientations for each
prosthesis component relative to bony anatomy, 4) the best
superior-interior (S-1) position for each prosthesis compo-
nent (1.¢., depth of proximal or distal bone cuts), 5) the best
internal-external rotation position for each component of the
prosthesis, 6) the best varus-valgus (1.e., abduction-adduc-
tion) angles to use for each prosthesis component, and 7) the
best flexion-extension angles for each component of the pros-
thesis.

The computer simulation models may take 1into consider-
ation stresses 1n the medial and lateral collateral ligaments
(MCL, PCL), anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL), quadriceps muscle, patellar tendon,
medial and lateral retinaculae, and other soit tissues during
iterative simulation, and may, without limitation, suggest any
one or more of: ligament release locations and amounts (e.g.,
depth of incision), prosthetic component orientations, and
bone cut configurations that will provide the most stability
and lowest forces at the implant-bone interfaces.

FIG. 2a. illustrates a side view of a normal knee (300a) at
screw-home position while standing 1n full-extension. The
mechanical axis (314a) of the leg extending from the femoral
head center (312a) to the ankle center (322a) 1s generally
located very slightly anterior to the knee center (330a). The
femoral anatomic axis (310a) and the tibial anatomic axis
(320a) are 1n slight hyperextension so to form a toggle-like
screw-home position that reduces necessary quadriceps acti-
vation (340a) while standing. It 1s an object of the present
invention to use computer modeling to ensure that knee pros-
thesis components are placed such that the mechanical axis
passes very slightly 1in front of the knee center (330a) when in
full-extension. This ensures a stable screw-home position
without excessive quadriceps muscle-firing (340q). Indi-
vidual patient biomechanic function characterization and
computer simulation prior to surgery may allow fine-tuning
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ol the screw-home position to create the most natural feeling
possible with any given artificial knee, and replicate the kine-
matic function of a normal knee (FIG. 2a).

FIG. 25b. 1llustrates a side view of a deficient postoperative
knee (3000) at screw-home position while standing 1n full-
extension. The mechanical axis (3145) of the leg extends
from the femoral head center (3126) to the ankle center
(322b) and 1s generally located slightly posterior to the knee
center (3300). The femoral anatomic axis (3105) and the
tibial anatomic axis (3206) are in slight tflexion creating an
unstable screw-home position that requires quadriceps acti-
vation (3405) 1n order to maintain stability while standing in
extension. This will create a sense of instability and non-
natural feeling in the jomnt. It 1s an object of the present
invention to use computer modeling to ensure that prosthesis
components are placed 1n such a way that the mechanical axis
of the leg 1s not located far behind the knee center (3305)
when 1n full-extension, as this would cause overexertion
(3400) of the quadriceps muscle while the patient 1s standing.
Individual patient functional characterization and computer
simulation prior to surgery can help prevent this situation.

FIGS. 3-5 are distal, anterior, and posterior views of an
individual patient’s distal femur (200), respectively, each
showing preferred anatomical landmarks (202, 204, 206, 208,
210, 212, 214, 216, 218, 220) which can be extracted from
conventional scanning techniques. The conventional scan-
ning techniques used to extract anatomical landmarks may
comprise, for instance, CT scans, MR scans, radiological
scans, ultrasound scans, X-rays, or the like. FIGS. 8a-8d
illustrate a hip center (244) anatomical landmark, which 1s not
visible 1 FIGS. 3-5. The anatomical landmarks shown 1n the
figures are preferably used with computer modeling and
simulation methods disclosed herein. Anatomical landmarks
may 1nclude, but are not limited to: femoral head center (244),
most distal trochlear sulcus point (208), medial epicondyle
sulcus point (220), lateral epicondyle point (212), most ante-
rior medial point (202), most anterior trochlear sulcus point
(204), most anterior lateral point (206), most distal medial
point (218), most distal lateral point (210), most posterior
medial point (216), and most posterior lateral point (214).
Once anatomical landmarks are extracted, various dimen-
sions (222, 224,226, 228, 230, 232, 234, 236, 238, 240, 242)
may also be determined 1n order to characterize a patient for
both anatomic and biomechanic alignment. It should be
understood that while FIGS. 3-8¢ only show anatomical land-
marks and methods of determining the same for a distal
temur, one of ordinary skill in the art could readily apply the
same methods to determine anatomical landmarks and vari-
ous dimensions for any one of a tibia, a fibula, a humerus, an
ilium, a radius, an ulna, or another bone. Anatomical land-
marks may also include soit tissue attachment points.

FIGS. 6 and 7 illustrate some of said various dimensions
(222, 224, 226, 228, 230, 232, 234, 236, 238, 240, 242) that
may be extracted from the anatomical landmarks (202, 204,
206, 208, 210, 212, 214, 216, 218, 220). For example, a
distance (222) between the most distal lateral point (210) and
the most posterior medial point (216), a distance (224)
between the most distal medial point (218) and the most distal
lateral point (210), a distance (226 ) between the most anterior
medial point (202) and the most anterior lateral point (206),
and a trochlear groove depth (228) measured perpendicular to
a line connecting the most anterior medial point (202) and the
most anterior lateral point (206) can all be measured for
different patients and stored 1n one or more databases. More-
over, a distance (236) between one or both of the most distal
points (210, 218) and one or both of the most posterior points
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distal points (210, 218) and one or both of the superior ends of
medial and lateral condyles, a distance (238) between one or
both of the most distal points (210, 218) and one or both of the
points (202, 204, 206), a distance (230) between one or more
most anterior points (202, 206) and one or more most poste-
rior points (214, 216), and a distance (232) between one or
more cortex or sulcus points (204, 250) and one or more most
posterior points (214, 216) may be measured for different
patients and stored in said one or more databases.

Each database described herein may include any one or
more of an 1image dataset, an imageless dataset, an equation,
a tolerance, a geometric model, patient anatomical data, or a
parameter relative to the anatomy. Databases may further
comprise biomechanic function characterization data, ana-
tomical landmark data (e.g., soit tissue attachment points),
and data relating to various relative dimensions between ana-
tomical landmarks. The databases may be used to develop one
or more patient characterization charts or lookup tables by
running hundreds of implant simulations to see which
implant configurations provide the best results and most
acceptable implant and soit tissue stresses for different gen-
eralized patient groups. Computer modeling software may
reference the characterization charts, lookup tables, or data-
bases 1n order to quickly determine which implant configu-
rations to start with for a particular patient. For example, a
patient 1s first assessed and characterized, and 1s then com-
pared to a characterization chart compiled from data acquired
by many cases. The characterization chart indicates which
implant type(s), size(s), and relative spatial orientation con-
figuration(s) are proven to work best for the characterization
belonging to the particular patient. The implant may be
installed based solely on the characterization chart, or the
characterization chart may serve as a starting point for further
computer simulations of the patient to fine-tune the size(s)
and position(s) of one or more 1implant components.

Computer simulations of the patient may comprise body or

knee simulations during one or more activities. Simulations
may be facilitated by software such as LiteMOD™/KneeSIM

and BodySIM from LifeModeler®, Inc. San Clemente, Calif.
Implant sizes, geometries, and configurations are iteratively
changed between simulations to obtain the best biomechanic
performance (806) from a given prosthesis design. Prosthesis
designs may also be 1teratively changed between simulations
il a surgeon does not have a preferred brand, or 1f biomechanic
performance circles (806, 806', 806", 806"') for a given pros-
thesis and patient combination are too small or mutually
exclusive to provide good anatomic fit. Good biomechanic {it
will help lead to a more natural feeling to the patient, and may
help minimize shear forces at implant-bone interfaces.

Patient characterization and computer simulation may use
anatomical landmarks of a patient alone or in combination
with the aforementioned biomechanic function measure-
ments. If both anatomic measurements (1.e. taken from bone
models ) and biomechanic measurements (1.¢., taken from gait
lab) are made, then both postoperative kinematic function
(806) and bone fit performance (802) for a given prosthesis
can be optimized to provide an increased overall performance
value (818) to the patient.

The anatomical landmarks (202, 204, 206, 208, 210, 212,
214,216, 218, 220, 244) and dimensions (222, 224,226, 228,
230,232,234,236,238, 240, 242) described herein may serve
to define input parameters and input dimensions for a simu-
lation model (400) such as the one shown in FIG. 9. For
example, anatomical landmarks (202, 204, 206, 208, 210,
212,214, 216, 218, 220, 244) and dimensions (222, 224, 226,
228, 230, 232, 234, 236, 238, 240, 242) may help define the
length of link (438), the length of link (410), and the location
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ol node (404 ) relative to surface (416) for a particular patient,
in order to customize the model (400) for said patient.
If MR scans are used instead of CT scans, additional ana-

tomical landmarks may be extracted and defined in space
relative to anatomical landmarks (202, 204, 206, 208, 210,

212,214,216, 218, 220, 244) and dimensions (222, 224, 226,
228, 230, 232, 234, 236, 238, 240, 242). Said additional
anatomical landmarks may include, for example and without
limitation, the centroids of the patient’s soit tissue attachment
points (408, 418, 428, 506, 508, 516, 614, 616). I the cen-
troids of a patient’s soft tissue attachment points are known
and entered 1nto a computer simulation model prior to sur-
gery, a surgeon can intraoperatively register the patient’s joint
with the computer simulation model using a “biomechanic™
or “kinetic” stylus (e.g., a CAS system). The surgeon finds the
same centroids used 1n the simulations by probing around the
soit tissue attachment points during the registration step 1n
surgery. The stylus then registers with the model and com-
municates with the computer simulation software directly or
indirectly to assist and guide the surgeon 1n making resections
that will orient one or more of the prosthesis components for
best performance characteristics as determined by the simu-
lations. For example, expected optimum prosthesis compo-
nent orientations determined by the simulation model may be
downloaded into the CAS system or into intermediate soit-
ware which will enable real-time comparisons between an
actual prosthesis component placement as measured with the
stylus and a desirable prosthesis component placement. The
stylus may provide instant feedback to a surgeon throughout
surgery, such as mformation regarding an expected perfor-
mance characteristic of the prosthesis for the instant prosthe-
s1s configuration and orientation, or a recommendation on
how to re-configure, re-size, and/or re-orient the prosthesis
components in order to increase one or more of the perfor-
mance characteristics mentioned throughout the specifica-
tion. In general, a greater amount of information mputted 1nto
the computer simulation models and a greater number of
simulation 1terations of prosthesis size and orientation will
result 1n better placement recommendations for one or more
prosthetic devices for a particular patient.

FIGS. 8a-¢ illustrate one embodiment of how anatomical
landmarks can be extracted from anatomical scans. First, CT
or MRI scans (e.g., DICOM {format files) are imported into a
modeling software (e.g., MIMICS by Materialise) 1n order to
create one or more bone models of a particular patient or
patient population. Since bone models can have different
relative spatial orientations after digital processing, they are
re-oriented and/or scaled by at least one dimension (242) so
that they are aligned in all axes and sized with respect to a
standard reference frame and scale (246) and scale as shown
in FIGS. 8¢ and 84d. For example, the mechanical axis of a
femur may be aligned with a Z-axis of the standard reference
frame and scale (246), and the A-P Leo Whiteside’s line may
be aligned with an X-axis of the standard reference frame and
scale (246). Alternatively, the mechanical axis of a femur may
be aligned with a Z-axis of the standard reference frame and
scale (246), and the epicondylar axis may be aligned with a
Y-axis of the standard reference frame and scale (246). The
bone models may go through segmentation {filters and pre-
processing steps at any point 1n the process to create a highly
accurate model. The bone models may contain other biologi-
cal features such as articular cartilage and soit tissues.

Each model 1s imported into a CAD software package (e.g.,

Unigraphics/NX, CATIA, AutoCAD, Pro/Engineer, Solid-
Works, etc.) from the modeling software (e.g., MIMICS). The
abovementioned step of re-orienting and/or re-scaling the
bone models so that they are aligned with a standard reference
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frame and scale (246) may be done 1n said CAD software
package. Inthe CAD software, the bone model may be placed
within an arbitrary box having planar walls (248). A simple
shortest distance CAD function can be used to automatically
detect the shortest or longest perpendicular distances between
the walls (248) and the bone model. The shortest perpendicu-
lar distances will generally yield the most anterior, most
distal, and most posterior points, whereas the longest perpen-
dicular distances will generally vield the deepest sulcus
points.

In total knee arthroplasty (TKA), a surgeon may determine
the size of a femoral knee implant component by measuring
the A-P width (230) of the distal femur from an anterior
coronal plane to a posterior coronal plane. Bone sizing 1s done
to determine the closest size femoral component without
notching the anterior femoral cortex (250). Due to noticeable
gaps 1n A-P width (230) between sizes of femoral compo-
nents within a particular orthopedic product portiolio, the
biomechanic {it, feel, and function of the implant 15 compro-
mised 1n three different ways for three different techniques,
respectively.

First, 11 a surgeon decides to use a posterior referencing,
technique (1.e., referencing from anatomical landmarks 214
and 216), the anterior flange of the femoral component
implant will fall where 1t may depending on the anterior-
posterior size of the implant. In many cases, a patient’s bone
s1ze falls between the sizes dictated by an orthopaedic product
offering. While providing better bone coverage, using a larger
s1zed 1implant with a posterior referencing technique can lead
to patella stulling, retinacular stretch, patello-femoral liga-
ment stretch, quadriceps and patellar tendon over-stretching,
quad 1nefliciency, and anterior knee pain due to increased
forces on the patella. Conversely, using a smaller sized
implant with a posterior referencing technique might cause
loose quadriceps and patellar tendons, patellar subluxation,
poor patellar tracking, and knee joint 1instability/laxity.

Second, 11 a surgeon decides to use an anterior referencing
technique (1.e., referencing from anatomical landmarks 202
and 206), one or more posterior condyles of the femoral
component(s) will fall where they may depending on their
s1izes and geometries. In many cases, a patient’s bone size
falls between the sizes dictated by an orthopaedic product
offering. While providing better bone coverage, using a larger
s1zed implant with an anterior referencing technique can lead
to increased collateral ligament tension, a tight-joint in flex-
1on, decreased range of motion, and increased risk ol injury to
soit tissues such as the ACL and PCL. Conversely, using a
smaller sized implant with an anterior referencing technique
might cause joint laxity in deep tlexion, loose collateral liga-
ments, and pseudo-patellar baja 11 a thicker tibial insert 1s
used to compensate for the laxity 1n tlexion.

Third, while 1t 1s uncommon to do so, 1f a surgeon decides
to take a middle-oi-the-road techmque (1.¢., arbitrarily refer-
encing somewhere between anterior referencing and poste-
rior referencing), there may be a combination of the afore-
mentioned disadvantages, or there may be a more ideal
implant position (e.g., performance value 814) than what 1s
chosen (e.g., performance value 812) based purely upon ana-
tomic {it (802) and non-kinetic intra-operative ligament bal-
ance (804).

Another cause of unnatural feeling for patients undergoing
TKA 1s the inherent differences between the natural articula-
tion surface geometries of the anatomy of the patient, and the
pre-defined articulating surface geometries of the chosen
prosthetic implant. For example, even 1f a properly-sized
prosthetic 1mplant 1s 1nstalled in a position which best
approximates the patient’s existing anatomy, there will be
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inherent geometric differences (240) between where the arti-
ficial articulation surfaces lay with respect to the previously
ex1sting natural articulation surfaces of the patient, unless the
implant 1s custom made. The extent of these geometrical
differences (240) will determine how close the biomechanics
of the replaced joint will match the natural biomechanics of
the patient prior to surgery.

The above methods of “best-fitting” an 1mplant to a bone
for best bony coverage may not create the most natural feeling
possible for a patient, because such methods only take into
consideration anatomic fit (802) and non- or low-kinetic
intra-operative ligament balance performance (804). Such
methods do not simultaneously address or consider expected
biomechanic performance (806) during various postoperative
activities as does the present invention.

In order to improve biomechanic performance (806), 1t 1s
an object of the present ivention to provide a means for
determining the best biomechanic sizing of components for a
given prosthesis and patient. Biomechanic sizing (i.e., kinetic
s1zing) may be defined as a step of determining an optimum
implant component size, such that when said implant com-
ponent 1s 1nstalled 1n an optimum orientation and configura-
tion suggested by simulation model results, 1t will provide the
most natural and optimum force environments, range of
motion, feeling, and biomechanic patterns for a particular
patient. Good biomechanic sizing may require slight over-
hang of an implant, or slightly less bony coverage than would
typically be desirable according to conventional methods, but
will potentially increase the probability of patient satisfaction
during post-operative activities. For example, a small tri-
compartmental femoral component positioned 1n a first ori-
entation on an individual patient which results in less bone
coverage may provide higher functional biomechanic perfor-
mance values than a larger tri-compartmental femoral com-
ponent positioned 1n a second orientation that provides better
bone coverage. In this instance, the small tri-compartmental
temoral component would be considered to be better biome-
chanically-sized than the larger tri-compartmental femoral
component.

In all instances, a surgeon would have the opportunity to
make compromises as he or she sees fit, through the use of
modular implants or a larger implant selection. A surgeon
may, at any time, abandon the recommendations generated
from the computer simulations of the invention. The mven-
tion primarily serves to give a surgeon more options to con-
sider both before and during surgery. The invention does not
reduce the number of options permitted.

According to some embodiments, there 1s provided a
method of tuning the orientation of one or more prostheses
prior to implantation to give the best biomechanic perfor-
mance (806), somewhat regardless of bone fit as convention-
ally done. First, a forward dynamic computer model of virtual
patient 1s created. Such model may be created with BodySIM
software by LiteMOD™. The model 1s then used to “virtu-
ally” implant one or more prostheses (e.g., TKA component,
uni-compartmental component, bi-compartmental compo-
nent) into the patient and determine which configuration(s)
and orientation(s) of said one or more prostheses will yield
the best biomechanic performance, range of motion, and soft-
tissue force environment throughout designated activities.
Depending on a patient’s lifestyle demands, an 1deal implant
s1ze, type, brand, and spatial orientation(s) for each compo-
nent of a prosthesis 1s chosen based on iterative modeling and
simulating. The prosthesis components are then implanted
accordingly.

The computer simulations described throughout this dis-
closure may comprise virtual patient computer models built
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from anthropometrics of the patient prior to surgery using any
one or more of motion capture, force plate data, stair climb
data, stair descend data, chair rise data, etc. The virtual patient
computer model may also be built by CT or MR data of bones
such as those shown 1n FIGS. 3-84, to allow anatomic fit
(802), and biomechanic performance (806), and ligament
balance (804) optimization. Once the virtual patient com-
puter model 1s built, a surgeon or engineer can perform 1tera-
tive virtual surgeries on the virtual patient to determine the
best implant configurations for the patient’s functional enve-
lope. Iterations may be done manually or automatically
through computer automation. Parameters such as femoral
component size, type, brand, and spatial orientation are
changed within the virtual patient model either manually or
automatically for each iteration. For example, femoral joint
line orientation, femoral varus/valgus orientation, femoral
internal and external rotation orientation, femoral flexion/
extension orientation, and other femoral spatial orientations
may be iteratively changed within the model to “tune” a
femoral component position for optimum results. Addition-
ally, several parameters such as tibial component size, type,
brand, and spatial orientation can be changed within the vir-
tual patient model. For example, tibial internal and external
rotation, tibial posterior slope, tibial A-P positioning, tibial
varus/valgus orientation, as well as other tibial spatial orien-
tations may be altered to “tune” a tibial component implant
cither alone or 1 combination with the abovementioned
temoral component. Moreover, several parameters such as
patellar component size, type, brand, and spatial orientation
relative to the femoral component and/or tibial component
can be changed within the virtual model to obtain a total
configuration that yields the best implant performance char-
acteristics for the particular patient’s anatomy, biomechanic
function, and lifestyle.

In some instances, the placement of the patella component
implant on patellar bone may be moved superiorly, inferiorly,
laterally, medially, or combinations thereof, according to the
most favorable results of the virtual patient computer model,
in order to “tune” the patellar component implant position for
best performance, optimum tracking, lowest soft tissue
stresses, lowest patellar tendon stresses, lowest quadriceps
forces, optimum Q-angle, optimum collateral ligament ten-
sion, optimum retinaculum tension, lowest patellar shear
stresses, lowest cement interface shear stresses, and/or lowest
wear. Alternatively, the articular geometry of the patella com-
ponent implant may be changed between concave (612), con-
vex (602) and tlat (604) according to the virtual patient com-
puter model results i order to optimize the above patella
performance characteristics and overall prosthesis biome-
chanic function. Even more alternatively, the biomechanic
s1zing of said patella component implant may be adjusted
within the virtual patient computer model to effectively
“tune” the patellar size for a particular patient.

According to some embodiments, a surgeon may set up
iterative virtual surgeries. After characterizing a patient’s bio-
mechanine function and/or anatomy using the methods
described herein, the surgeon may virtually place one or more
virtual implants on an mdividual patient’s bone model for
best bony coverage and mechanical alignment as he or she
would conventionally do, only using simulation software.
Then, the surgeon may define one or more ranges, thresholds,
variables, limits, or parameters to set a size and spatial orien-
tation envelope for the one or more virtual implants which
represent the one or more implants to be implanted 1nto the
patient. For instance, an envelope for said one or more virtual
implants may be defined by mnput recerved from surgeon or
engineer prompts. Prompts may include, for example, maxi-
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mum or minimum limits for implant size, changes 1n position
(mm) 1n a medial-lateral direction, changes 1n position (imm)
in an inferior-superior direction, changes 1n angular position
(degrees) of internal/external rotation, changes in angular
position (degrees) of varus/valgus, changes 1n angular posi-
tion (degrees) of flexion/extension, and changes in position
(mm) in an anterior-posterior direction. Computer simula-
tions will then be run, with each iteration slightly modifying
the position of the one or more implants within the defined
envelope.

For example, a surgeon or engineer may first virtually size
and virtually implant a virtual femoral component and a vir-
tual tibial component mto a virtual patient model for best
bone fit and mechanical axis alignment as would convention-
ally be done; however, using soitware instead of an actual trial
reduction step during surgery. This 1nitial virtual sizing and
virtual placement would be based on common techniques
such as using epicondylar axis and Leo Whiteside’s line to
determine internal and external rotation, and may be consid-
ered a crude start for optimizing biomechanic performance
(806). The surgeon then requires that a maximum and/or
mimmum of N computer modeling simulation 1terations
(wherein, N 1s a specified number of iterative virtual surger-
1es) are used to virtually position the virtual femoral compo-
nent differently within a spatial orientation envelope of +2
mm 1n a medial-lateral direction, £2 degrees of internal/ex-
ternal rotation, 2 degrees of varus/valgus, and =2 mm 1n an
anterior-posterior direction, and a predetermined spatial ori-
entation resolution of 0.1 mm and 0.1 degrees (i1.e., the
amount to change each input variable between simulation
iterations).

After the virtual surgery simulations are finished and the
data 1s compiled, one or more suggested sizes and/or relative
spatial orientations of the virtual femoral component and
virtual tibial component are displayed, along with one or
more expected performance characteristics [e.g., expected
metallic or polymeric volumetric wear rate, ligament tension
(e.g., MCL, LCL, ACL 1f applicable, and PCL 11 applicable),
range of motion, efficiency, stress environment(s), biome-
chanic environment(s), fixation strength, ligament balance,
anatomic fit (e.g., bone fit), fixation force(s), implant longev-
ity, tibiofemoral and patellofemoral kinematics throughout a
range of motion (e.g., maximum flexion, maximum internal/
external rotation, maximum patella flexion and tilt, maximum
temoral rollback), quadriceps force] associated with said sug-
gested sizes and relative spatial orientations. The surgeon
may then decide to re-orient the components of the prosthesis
based on expected performance characteristics calculated by
the software, 1 order to optimize anatomic fit and biome-
chanic performance.

Natural feeling (e.g., proprioception) and biomechanic
performance of an implant can be better established with the
present mnvention 1f the implant 1s custom-designed or other-
wise an implant specifically designed for use within a niche
characterized patient population to which the patient belongs.
For 1nstance, an implant brand or type that 1s designed spe-
cifically for any one or more of the patient’s race, build,
religion (e.g., frequently used prayer stances), hobby (e.g.,
golf, biking, hiking), gender, activity level (lugh vs. low), and
lifestyle may improve biomechanic performance when the
novel installation tuning methods of the present invention are
used.

The benefit of the present invention 1s that a surgeon can
perform hundreds of virtual surgeries by means of iterative
analysis, 1n order to determine the optimal size, optimal
placement, optimal spatial orientation, optimal alignment,
and/or the best performance compromise between anatomic
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{1t (802) and biomechanic function (806), all while taking into
consideration intra-operative soft tissue constraints such as
ligament balance (804). Optimization parameters may
include, but are not limited to: minimizing bone-implant
interface stresses, reducing stress-shielding and/or implant
subsidence, minimizing quadriceps and hamstring co-con-
traction, minimizing quadriceps forces required for various
activities, achieving a natural screw-home position as shown
in FI1G. 2a, reducing stress on posterior knee tissues, reducing
shear loads and stresses on the patella-bone interface, match-
ing EMG patterns of individuals with normal joint function
and normal biomechanic function, achieving normal Kine-

matics, and achieving proper ligament tension and constraint
for one or more of the ACL, PCL, MCL, and LLCL.

Computational models described herein are preferably
driven by kinematics from motion capture, and then subse-
quently driven by forward dynamics from virtual muscles 1n
a similar manner as the LiteMOD™ body-simulating models
described above.

The methods provided by the present mnvention may be
advantageously used as preoperative planning tools for deter-
mining optimal alignment and positioning of all types of
prosthetic components and may even be used to construct
patient-specific cutting guides and instruments (e.g., saw
blade cutting blocks, drill guide blocks, router guide blocks,
and mill guide blocks). In other words, after iteratively run-
ning a body simulation of a patient’s knee (or other joint) with
slightly different s1zes and/or spatial orientations of a particu-
lar orthopedic implant during each 1iteration, and after deter-
mining which spatial orientation(s) and/or sizes of said ortho-
pedic 1mplant provides the best overall prosthesis
performance value (814), one or more patient-specific cutting
guide devices may be produced from the modeling software
and/or patient scans. The patient-specific cutting guide
devices may be rapid-manufactured (e.g., via selective laser
sintering (SLS)) and generally serve to guide a surgeon’s
resections, cuts, and holes 1n order to position the implant on
the patient 1n the same spatial orientation which provides said
best overall prosthesis performance value (814). The patient-
specific cutting guide devices described herein may comprise
cutting blocks which preferably have at least one B-spline 3D
surface portion, or at least three strategically positioned con-
tact points that conform to a bony or cartilaginous articulating
or non-articulating surface of the individual patient’s joint.
The B-spline 3D surface portion or the at least three strategi-
cally positioned contact points spatially orient the block in all
s1x degrees of freedom relative to the patient’s bony anatomy
in such a way that the bony resections facilitated by said
patient-specific cutting guide devices will effectively position
one or more 1implants in the same optimal spatial orientation
(relative to said patient’s bony anatomy) suggested by the
modeling software.

The virtual patient testbed described herein may be used 1n
much the same manner as the KneeSIM Oxiord rig model 1s
conventionally used to design implant geometries. Many
simulations can be run 1n a validated model to customize and
optimize the spatial orientation(s) of a designated implant for
a particular patient. Optimization 1s achieved by iteratively
varying many different input variables and parameters in the
model, running the model, recording the results, compiling
the results after a predetermined number of model 1terations
1s completed, processing the results, comparing the results,
and then selecting the result or results that provide desired or
acceptable overall performance. Once models are validated
for different patient activities (e.g., climbing, biking, hiking,
oolf, walking, kneeling, etc.), they may be re-used for differ-
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ent patients by simply changing input parameters based on a
patient’s anthropometric functional characterization (116)
and/or anatomic blueprint.

FIG. 9 1llustrates a two-dimensional kinematic/kinetic
knee simulation model according to some embodiments of
the present invention. The model shown may be loaded 1nto a
computer program to optimize one or more performance
characteristics of one or more knee prosthetic components
implanted nto an individual patient’s affected joint. The
model may be as simple or as complex as 1s necessary to
optimize a performance characteristic of a prosthetic device,
and 1s not 1n any way limited to what 1s shown in FIG. 9. For
example, similar models may be similarly created for hip,
shoulder, ankle, and/or extremity applications. More com-
plex three-dimensional models (as shown in FIGS. 14a-c¢)

may also be created using computer software (e.g., KneeSIM
and BodySIM by LiteMOD™), With advancements 1n simu-

lation programs, one of ordinary skill can create models to
very accurately simulate a patient’s preoperative and post-
operative biomechanic profile using the method steps pro-
vided.

The model 1includes a femur (400), a patella (600), and a
tibia (500). Femur (400) 1s represented in the model as a
temoral link (410), which i1s roatatably attached to a hip
socketnode (404). Femoral link (410) may pivot about the hip
socket node (404) within a range of motion (402). Range of
motion (402) may be an input variable or a result outputted
alter simulations are run. At some distal and radial (406)
distance from the hip socket node (404) (radial distance 406
representing femoral bone radius or quadriceps thickness) a
link representing the quadriceps (606) 1s attached to the femur
(400) at attachment point (408). Quadriceps (606) 1s pivotally
attached at a superior patellar attachment point (614) and may
comprise an actuator or a spring damper (608) function to
simulate contraction and damping during muscle firing. The
inferior portion of patella (600) 1s pivotally connected to a
patellar tendon (610) at node (616). Patellar tendon (610) 1s
pivotally connected to the tibia (500) at a node (516) adjacent
or on the tibial tubercle (not shown). Femur (400) comprises
a patello-femoral surface (416) and a condylar surface (430).
Femur (400) also comprises an ACL attachment point (428)
and a PCL attachment point (418). The attachment points
(418, 428) are connected to the femoral link (410) by rnigid
links (420) and (424), respectively. Similarly, condylar (430)
and patello-femoral (416) surfaces are connected to the femo-
ral link (410) by nigid links (430) and (438), respectively.
Femur (400) 1s kinematically coupled to tibia (500) by ACL
(434) and PCL (422), which are both pivotally attached
thereto. ACL (434) and PCL (422) are tlexible links similar to
rope. Tibia (500) 1s represented as a tibial link (504) with
medial or lateral bearing surface (512) and having an ACL
attachment point (306) and a PCL attachment point (508).
The tibial link (504 ) 1s adapted for an amount of rotation (518)
about an ankle node (502). MCL (not shown) function and
LCL (not shown) function may be represented by the model
shown 1n FIG. 9 1n much the same fashion as the ACL (434)
and PCL (422) are represented.

After gathering a patient’s biomechanic function data,
information 1s mputted into the model to create a patient-
characterized model. For instance, an MRI might reveal rela-

tive spatial locations of centroids of soft-tissue attachment
points (408, 418, 428, 506, 508, 516, 614, 616) and lengths,

thicknesses, and densities of ligaments (422, 434, 610). Force
sensors 1n a gait lab may help determine parameters for quad-
riceps function modeling (608). X-ray scans may be used to

determine the length of tibial (504) and femoral (410) links.
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Next, several patient-characterized model simulations are
run, with finite changes to any one or more of 1implant type,
brand, shape, size, and spatial orientation during each simu-
lation. For example, 1f the patient’s favorite hobby 1s garden-
ing, the patient-characterized model simulation may include
forces and moments applied to femoral link (410), tibial link
(504), patella (600), and quadriceps muscle (606) which are
representative of a typical kneeling pattern common during
gardening. In some instances, the condylar surfaces (430)
may be positioned differently, or the geometries ol the condy-
lar surfaces (430) be made less circular, less arcuate, or
B-splined as shown by numeral (432). Condylar surfaces
(430) may comprise a series of joined arcuate portions, each
arcuate portion having a radius dimension that can be
changed between simulation iterations in order to help select
the best prosthesis design. During some simulation iterations,
the patello-femoral surface (416) may be oriented differently
in space as indicated by numerals (412) and (414). Patellar
articulating surfaces may be changed from convex (602) to
flat (604) or concave (612) between simulation iterations.
Tibial bearing surfaces (512) may me changed 1n convexity
(510) or concavity (514) on the medial and/or lateral sides
between simulation iterations. Preferably, the relative posi-
tioning between the patello-femoral surface (416 ) and condy-
lar surface (430), and the relative positioning between sur-
faces (416, 430) and the patient’s anatomy 1s changed
between simulations, as the inventors have found these rela-
tionships to be important factors 1n increasing biomechanic
performance.

After simulations are run, results including one or more
performance characteristics are outputted, and recommenda-
tions are made based on performance analysis. As mentioned
carlier, the surgeon has the final say as to final implant brand,
s1ze, shape, and spatial ornientations of the implant(s), but
he/or she may take the recommendations 1into consideration
prior to and during surgery.

During surgery, the surgeon may use a stylus which allows
intraoperative measurement of biomechanic alignment and
compares said intraoperative measurement and alignment
with pre-operatively determined optimum computer simula-
tion results. Such a stylus may be used in conjunction with a
computer assisted surgery (CAS) device. The stylus serves
several purposes. First, 1t allows a surgeon to assess bone fit
and biomechanic {it at any time during surgery by continu-
ously registering and comparing actual trial implant or per-
manent implant locations relative to bone and other trials with
preoperative computer simulation results. Second, the stylus
provides information that allows a surgeon to pick which
alignment he favors while still being able to recerve instant
teedback on predicted performance for the configuration cho-
sen. Thirdly, the stylus mnforms the surgeon how close the
implant(s) or trial implant(s) 1s positioned 1n the patient,
relative to the optimized configuration determined by the
model simulations.

For example, if a patello-femoral articulating surface (416)
and condylar surface (430) such as the ones shown in FIG. 9
are not part of a monolithic femoral component (that 1s, they
are each portions of separate patellofemoral implant surfaces
and medial umicondylar femoral 1implant surfaces, respec-
tively), relative geometric conditions or spatial orientations
between the surfaces (416, 430) may be suggested from the
simulation results. One example of such a suggestion might
be how to make implant surfaces (416, 430) more tangent to
reduce patella skipping, patellar binding, patella baja, patellar
rotation, and/or patellar shear.

During surgery, the model (400) may be used 1n a loop
teedback CAS surgical navigation system 1n order to obtain
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instant expected performance results for a given implant con-
figuration. This may be done by registering the patient’s
anatomy and one or more components of the implant. The
CAS surgical navigation system may suggest one or more
different relative spatial orientations between said one more
components, or the CAS surgical navigation system may
suggest one or more different relative spatial orientations
between said one or more components and the patient’s
anatomy. Performance results expected from the suggested
component orientations may be outputted so that a surgeon 1s
better equipped to make intraoperative decisions.

Alternatively, while not preferred due to large runtimes, the
computer simulations discussed herein may be done 1ntraop-
cratively using conventional CAS surgical navigation sys-
tems. During a procedure, the surgeon probes one or more
implant trials to convey real-time information to the CAS
system about the relative positions between said one or more
implant trials, and/or the relative positions between said one
or more 1mplant trials and a patient’s anatomy. The CAS
system then mputs the information into a simulation model
such as the one shown 1n FIG. 9 during the surgical procedure,
and a simulation 1s run. The simulation model may be run on
the CAS software on an external platform. Results of the
simulation are preferably instantaneously fed back to the
surgeon through the CAS interface. The CAS system ma
provide instruction or guidance as to where to move the one or
more 1mplants for better performance (802, 804, 806). Alter-
natively, the CAS system may just serve as a checking tool by
outputting the expected biomechanic and anatomic pertor-
mance results for a particular implant trial configuration mea-
sured. If the expected biomechanic and anatomic results fall
within acceptable performance levels and the surgeon 1s
happy with the results, the one or more trial implants can be
removed and one or more real implants permanently
implanted.

FIGS. 10a-125b 1llustrate several implant trial components
which may be used 1n combination with, or independently of
the methods disclosed herein, in order to measure, quantity,
and define the biomechanic function of an artificial knee joint
intraoperatively.

FIGS. 10a-c illustrate patellar trial buttons (700, 700",
700") that each comprise one or more force transducers (702),
strain gauges (702), accelerometers (702), or one or more
position markers (702). Position markers may comprise, for
instance, CAS arrays, fiducial markers, and/or tantalum
beads for use with radiostereometric analysis. Using Blue-
tooth® wireless technology, interconnected wires, serial port
cables (e.g., FireWire by Apple, USB), or other means, the
one or more force transducers (702), strain gauges (702),
accelerometers(702), or position markers (702) communicate
with a computing device (not shown) that displays force
measurements during trial reduction. Magnitude and direc-
tion of forces and stresses may be measured and displayed for
one or more degrees of freedom at one or more locations, or
they may be fed back into the virtual model for subsequent
validation or comparison. For example, for a patella button
(700, 700", 700") according to some embodiments, the side
force at the cement-bone interface may be recorded and dis-
played, as well as the normal force experienced at the tro-
chlear groove contact point. The computing device generally
converts small electrical voltage potential changes caused by
deflections 1n said transducers (702), strain gauges (702), and
accelerometers (702) to quantifiable stresses, loads, or accel-
erations that can be displayed to a surgeon during trial reduc-
tion.

For example, during trial reduction, a surgeon may test
patellar tracking with a patellar implant trial component (700)
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as shown in FIG. 10aq. If at some point during knee tlexion, the
computing device reads unacceptably high stress values, the
surgeon may switch to another patellar implant trial design
(700', 700") such as the ones shown 1n FIGS. 105 and 10c¢, to
reduce the stresses, or the surgeon may re-position the patel-
lar implant trial (700) or other implant trials (700', 700") to
reduce the stress. Instant surgeon feedback 1s achieved.

FIGS. 11a-c illustrate tibial trays (710, 710', 710") that
cach comprise one or more force transducers (712), strain
gauges (712), accelerometers (712), or one or more position
markers (712). Position markers may comprise, for instance,
CAS arrays, fiducial markers, and/or tantalum beads for use
with radiostereometric analysis. Using Bluetooth® wireless
technology, interconnected wires, serial port cables (e.g.,
FireWire by Apple, USB), or other means, the one or more
force transducers (712), strain gauges (712), accelerometers
(712), or position markers (712) communicate with a com-
puting device (not shown) that displays force and stress mea-
surements during trial reduction. Magnitude and direction of
forces and stresses may be measured and displayed for one or
more degrees of freedom at one or more locations, or they
may be fed back into the virtual model for subsequent vali-
dation or comparison. For example, for a tibial tray (710, 710",
710") according to some embodiments, the compressive
forces at both the medial and lateral condylar locations may
be recorded and displayed to help assess joint balancing and
flexion gap throughout a range of motion. The computing
device generally converts small electrical voltage potential
changes caused by deflections 1n said transducers (712),
strain gauges (712), and accelerometers (712) to quantifiable
stresses, loads, and accelerations that can be displayed to a
surgeon during trial reduction.

FIG. 12a illustrates a tibial mnsert trial (720) that may
comprise one or more medial force transducers (722), medial
strain gauges (722), medial accelerometers (722), medial
position markers (722), lateral force transducers (724), lateral
strain gauges (724), lateral accelerometers (724), lateral posi-
tion markers (724), tibial post force transducers (726), tibial
post strain gauges (726), tibial post accelerometers (726), and
tibial post position markers (726). Position markers may
comprise, for mstance, CAS arrays, fiducial markers, and/or
tantalum beads for use with radiostereometric analysis. Using
Bluetooth® wireless technology, interconnected wires, serial
port cables (e.g., FireWire by Apple, USB), or other means,
the one or more force transducers, strain gauges, accelerom-
eters, or position markers (722, 724, 726) communicate with
a computing device (not shown) that displays force and/or
stress measurements during trial reduction. Magnitude and
direction of forces and stresses may be measured and dis-
played for one or more degrees of freedom at one or more
locations, or they may be fed back into the virtual model for
subsequent validation or comparison. For example, for a
tibial 1nsert trial (720) according to some embodiments, the
compressive forces at both the medial and lateral condylar
locations may be recorded and displayed to help assess joint
balancing and flexion gap throughout a range of motion. The
computing device generally converts small electrical voltage
potential changes caused by detflections in said transducers,
strain gauges, and accelerometers to quantifiable stresses,
loads, and accelerations that can be displayed to a surgeon
during trial reduction. The transducers, strain gauges, accel-
crometers and/or position markers may be located 1n various
areas of the tibial insert trial (720), including the tibial stabi-
lization post to measure femoral cam 1mpact forces applied
thereto.

FIG. 125 1llustrates a femoral component trial (730) that
may comprise one or more medial force transducers (732),




US 8,078,440 B2

23

medial strain gauges (732), medial accelerometers (732),
medial position markers (732), lateral force transducers
(734), lateral strain gauges (734), lateral accelerometers
(734), lateral position markers (734), anterior force transduc-
ers (736), anterior strain gauges (736), anterior acceleroms-
cters (736), anterior position markers (736), femoral cam
force transducers (not shown), femoral cam strain gauges (not
shown), femoral cam accelerometers (not shown), and femo-
ral cam position markers (not shown). Position markers may
comprise, for instance, CAS arrays, fiducial markers, and/or
tantalum beads for use with radiosterecometric analysis. Using,
Bluetooth® wireless technology, interconnected wires, serial
port cables (e.g., FireWire by Apple, USB), or other means,
the one or more force transducers, strain gauges, accelerom-
eters, or position markers (732, 734, 736) communicate with
a computing device (not shown) that displays force and/or
stress measurements during trial reduction. Magnitude and
direction of forces and stresses may be measured and dis-
played for one or more degrees of freedom at one or more
locations, or they may be fed back into the virtual model for
subsequent validation or comparison. For example, for a
temoral component trial (730) according to some embodi-
ments, the compressive forces at both the medial and lateral
condylar locations may be recorded and displayed to help
assess joint balancing and flexion gap throughout a range of
motion. The computing device generally converts small elec-
trical voltage potential changes caused by deflections 1n said
transducers, strain gauges, and accelerometers to quantifiable
stresses, loads, and accelerations that can be displayed to a
surgeon during trial reduction. The transducers, strain
gauges, accelerometers and/or position markers may be
located 1n various areas of the femoral component trial (730),
including anterior or posterior cams to measure tibial post
impact forces applied thereto.

FIGS. 14a-c. illustrate 3D computer simulation models
according to some embodiments of the present invention.
FIG. 14a 1llustrates a chair rise model (900) created after
patient characterization steps (110, 112, 114, 116, 118).
Implants, such as a lateral unicondylar femoral implant (902)
and a lateral unicondylar tibial implant (904) are virtually
implanted 1nto the model (900) by means of a detailed sub-
model (906). The model (900) 1s run for 1-N simulation
iterations (where N may be any integer), during which time,
the relative sizes, geometric relationships, and relative spatial
orientations are changed within a predefined parameter
range. The model (900) records kinetic (e.g., as shown in
FIGS. 15a-¢) and kinematic (e.g., as shown in FIGS. 15d4-f)
results for each simulation i1teration and compares the results
to determine the optimal relative sizes, geometric relation-
ships, and relative spatial orientations for the implants (902,
904) to be installed 1n the patient. For example, expected
quadriceps force (908) or Q-angle may be determined. A
surgeon may use the results preoperatively or postoperatively
to optimize biomechanic and anatomic {it.

FIG. 1454 illustrates a patient-specific computer simulation
model (910) similar to the one shown 1n FIG. 14a, but modi-
fied to characterize a patient’s biomechanic function during a
golf swing. The golif model (910) may be a preferred model to
use for patients who want to enjoy playing golf without pain
alter prosthesis implantation. Model (910) may comprise a
submodel (920) of a patient’s affected joint. As shown 1n
FIGS. 146 and 14¢, submodel (920) may be, for mstance, a
computer simulation model of a patient’s knee, comprising a
total knee femoral component (916), tibial component(s)
(914), and patellar component (912). It should be understood
that other joints may be modeled 1n a submodel (920). The
submodel (920) may be defined and parameterized based on
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anatomical landmarks and dimensions gathered from the
patient using anatomical scans as shown in FIGS. 3-8¢ (e.g.,
tull MRI scans), and/or the submodel (920) may be defined
and parameterized based on biomechanic measurement data
of the patient recorded 1n a gait lab.

The model (910) i1s run for 1-N simulation iterations
(where N may be any integer), during which time, the relative
s1zes, geometric relationships, and relative spatial orienta-
tions of each implant component (912, 914,916) are changed
within a predefined parameter range. The model (910)
records kinetic (e.g., as shown 1n FIGS. 15a-¢) and kinematic
(e.g., as shown 1n FIGS. 15d-f) results for each simulation
iteration and compares the results to determine the optimal
relative sizes, geometric relationships, and relative spatial
orientations for the implants to be installed 1n the patient. A
surgeon may use the results for preoperative planning or for
intraoperative guidance to optimize biomechanic perfor-
mance (806), ligament balance (804), and anatomic fit (802).

During each simulation of model (910), at least one 1nput
variable for the submodel (920) changes. For instance, a first
spatial orientation (922) of femoral component (916) may be
altered between iterations. Moreover, 1n some 1nstances, a
second spatial orientation (924) of the tibial component (934)
may be altered between 1terations. In yet another instances, a
third spatial orientation of the patellar component (912) may
be altered between iterations. Anatomical landmarks such as
centroids of soit tissue attachment points may be used to
define the model (910) and submodel (920). For instance, an
MRI scan may allow a surgeon or engineer to define centroids
of patella tendon attachment points (940, 950), quadriceps
attachment points (928), medial collateral ligament attach-
ment points (930, 934), lateral collateral ligament attachment
points (942, 946), anterior cruciate ligament attachment
points (not shown), retinaculum attachment points (not
shown), and posterior cruciate ligament attachment points
(not shown) among others. In an other instance, an X-ray or
C'T scan may help determine orientation, size, and geometry
of a patient’s femur (938), tibia (936), and fibula (952) to
create the patient-specific models (900, 910, 920).

FIGS. 15a-c¢ illustrate one method of presenting optimum
predicted kinetic performance or presenting kinetic computer
simulation results for different simulation 1terations. While
the information shown 1n FIGS. 15a-c 1s presented 1n the form
of one or more charts, the information may be presented 1n
other forms such as one or more tables, graphs, flowcharts,
spreadsheets, data arrays, data lists, or exported data files for
use with statistical analysis software. Each chart may include
information concerning one or more optimum 1mplant place-
ments based on kinetic analysis or one or more expected
performance characteristics, values, or results corresponding,
to said one or more optimum i1mplant placements. Alterna-
tively, the charts may simply show the expected kinetic per-
formance for each geometric configuration/relationship for
cach iteration during an iterative computer simulation. By
comparing the simulation iteration results side by side, a
kinetically optimum geometric configuration/relationship
between implants and/or the patient’s anatomy can be
selected.

FIGS. 15d-f 1llustrate one method of presenting optimum
predicted kinematic (1.e., motion) performance or presenting,
kinetic computer simulation results for different simulation
iterations. While the information shown i FIGS. 15d-f 1s
presented 1n the form of one or more charts, the information
may be presented 1n other forms such as one or more tables,
graphs, flowcharts, spreadsheets, data arrays, data lists, or
exported data files for use with analysis software. Each chart
may 1nclude information concerning one or more optimum
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implant placements based on kinematic analysis or one or
more expected performance characteristics, values, or results

corresponding to said one or more optimum implant place-
ments. Alternatively, the charts may simply show the
expected kinematic performance for each geometric configu-
ration/relationship during each iteration of an 1terative com-
puter simulation. By comparing the simulation iteration
results side by side, a kinematically optimum geometric con-
figuration/relationship between implants and/or the patient’s
anatomy can be selected.

FIG. 16 illustrates a computer simulation model (1000)
according to some embodiments. The model (1000) may be,
for instance, part of a submodel (920). During each iteration,
the model (1000) records magnitudes and directions of forces
(1002, 1004, 1006) 1n order to characterize an iteration force
environment. Iteration force environments can be uploaded to
a database that applies user-defined thresholds set by a sur-
geon or engineer. The user-defined thresholds may include
mimmum acceptable requirements for at least one perfor-
mance characteristic. Performance characteristics may relate
to, without limitation, wear (mm? per million cycles), stress,
range of motion (ROM), kinematics (e.g., tibiofemoral and
patellofemoral interactions, anterior-posterior translation,
flexion, internal/external tibial or femoral rotation, patella
flexion, patella tilt, patella spin, femoral rollback), kinetics
(e.g., compressive forces, forces contributing to shear, torque,
anterior-posterior forces, medial-lateral forces, and flexion
moments acting on implant components), biomechanics,
implant robustness, fatigue life, fixation strength, shear load-
ing at cement or ingrowth interface, bony impingement, soit-
tissue 1mpingement, joint laxity, subluxation, subsidence,
ligament balancing, ligament force, quadriceps force, knee
elficiency, patellar femoral impingement, Q-angle, stability,
anatomic bone fit, implant longevity, and natural postopera-
tive feeling (no pain and good proprioception).

EXAMPLES

In a first example of the present invention, a candidate for
knee surgery who enjoys running will be measured while
performing several various activities with an emphasis on
uphill, downhill, and level jogging. The candidate’s func-
tional characterization may be determined by performing said
activities on a treadmuill or inclined force plate while jogging
in place. It may be determined through steps (110), (112), and
(114) that said candidate generally tends to have more exter-
nal rotation in full extension than is normal (1.¢., the patient
has an out-toeing abnormality). In this instance, iterative
model simulation may be used to characterize and analyze the
patient’s jog on the computer with a virtually-implanted
Smith & Nephew Legion™ Primary system. The simulation
results might indicate that the tibial component should be
positioned with slightly greater posterior slope than normal,
so as to give the patient more postoperative AP stability (tibial
drawer test), since this orientation may prevent anterior femo-
ral slide-oif, reduce the possibility of PCL damage/pain, and
decrease anterior wear by placing the bearing surface more
orthogonal to the mechanical force line during heel-strike.
In a second example of the present invention, a person with
an abnormally high quadriceps angle (Q-angle) 1s arthritic 1n
the medial condyle and has an ACL deficiency. The person
enjoys hiking 1n the mountains and gardening. The biome-
chanic function of the patient 1s measured and quantified
during several activities with a focus on stair climb, squatting
sequences and kneeling sequences. Information obtained
during the patient’s participation 1n said activities 1s imported
into three universal computer models to create three patient-
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specific computer models for each of stair climb, squatting,
and kneeling. To {facilitate analysis, the models may be
spliced to create a single progression model (1n other words,
a single patient-specific model 1s created which 1ncludes a
progression of stair climb sequence, squat sequence and then
kneel sequence). A Journey™ Bi-cruciate stabilized (BCS)
knee system model 1s virtually installed in the patient by
importing a 3D CAD model of the Journey™ BCS system
into the patient-specific computer models. Each model may
be run through hundreds of iterations, wherein the variables
pertaining orientation and/or size of the implant components
are slightly adjusted during each 1teration. After the computer
models finish their iterations, a program generally indicates
one or more suggested surgical plans, including optimal posi-
tions and sizes of the implant components relative to the
patient’s anatomy and other implant components. The sug-
gested orientations take into consideration the patient’s
abnormal patella tracking pattern so as to reduce post-opera-
tive anterior knee pain, and also positions the implant com-
ponents to obtain the best possible stability between 10 and 40
degrees of flexion (1.e., an angle which sees high patellar
shear forces during hiking). Anatomic fit performance (802)
1s considered simultaneously throughout computer model
simulation. Digital immformation from the model 1s then
exported to a rapid manufacturing machine which produces
custom cutting blocks configured to guide resections and
holes which will reproduce the same 1implant position as the
optimum position determined by the computer model. If cus-
tom cutting blocks are not preferred over standard instrumen-
tation, a CAS system may use the digital information
exported from the simulation to guide resections and holes
such that the implant will be positioned 1n the same manner as
the optimum position determined by the computer model.
Moreover, if CAS and custom blocks are not desirable, the
digital information may be used to configure an adjustable
standard cutting jug to facilitate optimum 1mplantation.

Although the mnvention has been disclosed in the context of
certain preferred embodiments and examples, 1t will be
understood by those skilled in the art that the present inven-
tion extends beyond the specifically disclosed embodiments
to other alternative embodiments and/or uses of the invention
and obvious modifications and equivalents thereof. In addi-
tion, while several variations of the inventions have been
shown and described 1n detail, other modifications, which are
within the scope of these inventions, will be readily apparent
to those of skill in the art based upon this disclosure. It1s also
contemplated that various combination or sub-combinations
of the specific features and aspects of the embodiments may
be made and still fall within the scope of the inventions. It
should be understood that various features and aspects of the
disclosed embodiments can be combined with or substituted
for one another in order to form varying modes of the dis-
closed mnventions. Thus, it 1s intended that the scope of at least
some of the present inventions herein disclosed should not be
limited by the particular disclosed embodiments described
above.

For example, computerized tomography (CT), magnetic
resonance 1maging (MRI), ultrasound, Digital X-ray, and
other forms of anatomic radiological imaging may be advan-
tageously be utilized with the present mmvention to form
patient-specific mstrumentation that guides the path of a sur-
gical cutting tool according to the best computer model
results. In other words, patient-specific knee cutting blocks
may be created from an individual patient’s biomechanic
characterization, said blocks comprising any of holes, slots,
oscillating saw blade guides, and mill guides oriented so that
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the final prosthesis component orientations will match the
optimal prosthesis component orientations indicated by the
computer model.

In another example, the computer modeling simulations
may be performed after optimum 1mplant component orien-
tation(s) have already been determined, 1n order to assess and
predict long term wear performance characteristics. That 1s,
one or more virtually-implanted implant components can be
run through a specified number of simulation cycles (e.g., 2
million), in order to determine: 1) what the expected wear
performance characteristics will be 1n a specified number of
years (€.g., twenty years), and 2) how that wear will affect
other biomechanic performance factors and anatomic fit over
time (1.e., worsening bone coverage due to stress shielding
and subsidence). Of course such long-term wear modeling
may require more detailed mput concerning implant material
properties.

In yet even another example, a surgeon may wish to tune
specific performance characteristics. For example, for young
and active patients, a surgeon may wish to place more 1impor-
tance on fixation strength than other performance character-
1stics.

As various modifications could be made to the exemplary
embodiments, as described above with reference to the cor-
responding 1llustrations, without departing from the scope of
the invention, 1t 1s intended that all matter contained 1n the
foregoing description and shown in the accompanying draw-
ings shall be interpreted as illustrative rather than limiting.
Thus, the breadth and scope of the present invention should
not be limited by any of the above-described exemplary
embodiments, but should be defined only 1n accordance with
the following claims appended hereto and their equivalents.

The following 1s claimed:

1. A method for preoperatively approximating a preferred
biomechanic fit of a prosthesis relative to a patient’s articular
joint, comprising the steps of:

a. recerving information concerning a pre-operative physi-
cal articulation of the articular joint during at least one
pre-operative physical activity of the patient, such infor-
mation including:

1. aplurality of relative positions of the patient’s articular
joint during the pre-operative physical articulation;
11. a dertved force environment of the patient’s articular
joint during the pre-operative physical articulation;

b. mputting the mnformation concerning the derived force
environment and the relative positions of the patient’s
articular joint into one or more computer simulation
models;

c. mnputting a prosthesis computer model 1nto the one or
more computer simulation models;

d. using the one or more computer simulation models,
inputted prosthesis computer model, and iputted infor-
mation, approximating a preferred biomechanic fit of
the prosthesis relative to the patient’s articular joint; and

¢. outputting information concerning the preferred biome-
chanic fit of the prosthesis relative to the patient’s articu-
lar jo1nt.

2. The method of claim 1, wherein using the one or more
computer simulation models comprises using a computer
simulation model that corresponds to the at least one physical
activity.

3. The method of claim 1, wherein outputting information
concerning the preferred biomechanic fit of the prosthesis
comprises outputting information concerning the preferred
biomechanic fit of a standard prosthesis.

4. The method of claim 1, wherein outputting information
concerning the preferred biomechanic fit of the prosthesis
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comprises outputting information concerning the preferred
biomechanic fit of a modular prosthesis.

5. The method of claim 4, wherein outputting information
concerning the preferred biomechanic fit of the modular pros-
thesis comprises outputting information concerning the pre-
ferred biomechanic fit of a unicondylar component and a

patellofemoral component.

6. The method of claim 1, wherein outputting information
concerning the preferred biomechanic fit of the prosthesis
comprises outputting information concerning a patient spe-
cific prosthesis shaped according to at least one anatomic
feature of the patient’s articular joint.

7. The method of claim 1, wherein approximating the pre-
ferred biomechanic fit of the prosthesis relative to the
patient’s articular joint comprises the steps of:

a. 1iteratively running each of said one or more computer
simulation models while changing at least one 1nput
variable between iterations; and

b. determining from the computer simulation models a
relative placement for one or more components of the
prosthesis.

8. The method of claim 1, further comprising the steps of:

a. recommending a preferred placement of the prosthesis to
a surgeon;

b. receiving input from the surgeon related to the recom-
mended placement, the mput requesting an alteration of
the placement; and

c. altering the placement of the prosthesis according to the
input.

9. The method of claim 8, wherein the recommending step
comprises recommending a plurality of preferred place-
ments, and the recetving step includes recerving surgeon
input of the surgeon’s preference of the preferred placements.

10. The method of claim 8, further comprising providing
means for implanting the prosthesis.

11. The method of claim 1, wherein inputting the prosthesis
computer model comprises inputting a 3-dimensional model.

12. The method of claim 1, wherein receiving information
concerning the pre-operative physical articulation of the
articular joint during the at least one pre-operative physical
activity of the patient comprises receiving information con-
cerning the pre-operative physical articulation during at least
one of walking, chair rising, chair sitting, stair climbing, stair
descending, squatting, swinging a golf club, jogging, kneel-
ing, turning, and biking.

13. The method of claim 1, wherein outputting information
concerning the preferred biomechanic it comprises output-
ting information concerning a patient-specific instrument.

14. The method of claim 13, wherein outputting informa-
tion concerning the patient-specific instrument comprises
outputting information concerning a patient-specific cutting
guide.

15. A method for preoperatively approximating a preferred
biomechanic fit of a prosthesis relative to a patient’s articular
jo1int, comprising the steps of:

a. recerving information concerning a pre-operative physi-
cal articulation of the articular joint during at least one
physical activity of the patient, such information includ-
ng:

1. a plurality of relative positions of the patient’s articular
joint during the pre-operative physical articulation;
11. a characterization of a kinetic biomechanic function

of the patient’s articular joint during the pre-operative
physical articulation;

b. inputting the information into one or more computer
simulation models;
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c. mnputting a prosthesis computer model mto the one or 17. The method of claim 16, wherein outputting informa-
more computer simulation models; tion concerning the preferred alignment and position of the
d. using the one or more computer simulation models, prosthesis comprises outputting information concerning a

inputted prosthesis computer model, and mputted infor-
mation, approximating a preferred biomechanic fit of 4
the prosthesis relative to the patient’s articular joint; and

¢. outputting mnformation concerning the preferred biome-
chanic fit of the prosthesis relative to the patient’s articu-
lar joint.

16. The method of claim 15, wherein outputting informa-
tion concerning the preferred biomechanic fit of the prosthe-
s1s comprises outputting information concerning a preferred
alignment and position of the prosthesis relative to the

patient’s articular joint. £ ok k¥ ok

patient-specific cutting guide.

18. The method of claim 15, wherein outputting informa-
tion concerning the preferred biomechanic fit of the prosthe-
s1s comprises outputting information concerning a prosthesis
custom designed for the patient’s articular joint.

19. The method of claim 15, further comprising recerving
10 imaging of the patient’s articular joint.
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